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A small, but non-vanishing neutrino mass, if any, is regarded as an important indica-
tion of a new physics beyond the standard model. The most interesting candidate is the
well-known seesaw model [1] that explains very naturally the small mass for neutrino in
terms of a large Majorana mass for a right-handed neutrino N . This model has attracted
many authors not only because of its natural structure but also because the presence of
N would illuminate some of the deep questions in particle physics.
From the phenomenological point of view, on the other hand, introduction of three
families of the right-handed neutrinos N
i
(where i and j are avor indices) brings two










we have two independent Yukawa matrices in the lepton sector as in the quark sector.
In general, a simultaneous diagonalization of the both matrices is quite accidental and
then the addition of the new Yukawa coupling y
;ij
causes a lepton-avor violation. In the
standard model, however, the amplitudes for the lepton-avor violating processes at low
energies are suppressed by an inverse power of M
I
at least and hence we do not expect
sizable rates for such processes as far as M
I
is very large. The neutrino oscillation is a
famous exception in this point of view.
It has been, however, noted by several authors [2] that in the supersymmetric standard




generates o-diagonal entries in the mass
matrices for sleptons through the renormalization eects, which leads to unsuppressed
lepton-avor violations such as  ! ,  ! e, and so on.
1
The predicted rates for





are very small like in the quark sector, however, the reaction rates for
these processes are predicted too small to be accessible to the near future experiments.
The purpose of this letter is to point out that left-right mixing terms in the slepton
mass matrix may give larger contributions to the lepton-avor violating processes, which
have not been considered in the previous literatures [2]. We show, as a consequence, that
the decay rates for  !  and  ! e can reach indeed the range close to the present
experimental upper limits Br( ! )  4:210
 6




It has been pointed out very clearly [3] that the similar lepton-avor violation occurs in the SUSY
grand unied theories (GUTs).
1
when the o-diagonal elements of y
;ij









In the SSM with three families of right-handed neutrinos N
i
(i = 1 { 3), the superpo-




































are the chiral multiplets for left-handed lepton doublets, right-handed




those for the Higgs doublets.
For simplicity, we assume the mass matrix M
I;ij


























the conclusion will not be much dierent from that in the simplest case (2).
We choose a basis on which y
e;ij












To demonstrate our main point, we assume tentatively that the Yukawa couplings of












With the basis where the Yukawa couplings for the down-type quarks are avor-diagonal































is the Kobayashi-Maskawa matrix. The meaning of the Yukawa couplings of






is the obvious one.
2




for the down-type quarks, since it gives
wrong results on the masses for the rst and second families.
2


























































We see that the mixing matrix appearing in the neutrino oscillation is approximately
identical with V
KM






[5]. For a given M
I
,





GeV so that the mass for 






which lies in an





the observed values m
u
(1GeV) = 4:5MeV, m
c









We are now in a position to discuss the lepton-avor violation. In the minimal SUSY





































The lepton-avor conservation is easily violated by taking non-vanishing o-diagonal el-
ements of each matrices and the sizes of such elements are strongly constrained from
experiments. In the SUSY standard model based on the supergravity [11], it is therefore






are proportional to the unit matrix, and
A
e;ij
is proportional to the Yukawa matrix y
e;ij
. With these soft terms, the lepton-avor
number is conserved exactly.
3
This equation holds only at tree-level. In our numerial analysis, we take into account the renormal-
ization eects.
4
In this case, the mass for 

is predicted as  10
 3
eV, which is the right value for the MSW solution








than that in the small angle solution of MSW [8]. Therefore, to account for the solar neutrino decit,
we must use smaller value for y
;12
. However, our main conclusions for  !  and ! e given in the
text are unchanged, since the Yukawa coupling y
12
is almost irrelevant for these processes as noted in
ref. [3].
3
It is, however, not true if the eects of the right-handed neutrinos are taken into








in eq.(1) and the soft SUSY-



























induce o-diagonal elements ofm
2
L
through the radiative corrections. The renormalization

















































































SUSY breaking mass for the Higgs doubletH
2










In order to obtain the slepton mass matrixm
2
L;ij
at the electroweak scale, we solve the
RGEs for the full relevant parameters numerically. At the energy scale M
I
   M
G
we use the RGEs derived from the MSSM with the right-handed neutrinos, and below
the energy scale M
I
the MSSM-RGEs without the right-handed neutrinos. For the soft
SUSY-breaking parameters, we assume the following boundary conditions suggested in
























is the soft SUSY-breaking mass matrix for sfermion
~
f (with f = u, d, e and
), A
f;ij
the so-called A-parameter, y
f;ij
the Yukawa coupling constants for the fermion
f , m
0
the universal SUSY-breaking mass, and a is a free parameter of O(1). For gaugino





































are the gaugino masses and gauge coupling constants







The soft SUSY breaking mass matrix m
2
L;ij
is determined by solving the coupled




i) dependence of the result is
relatively mild, we take tan = 3 for the time being. The result for the larger tan  will






















 (0:9  1:1)  10
 4
(1:0  2:0)  (1:0  1:2) 10
 2












where the magnitude of each entry becomes larger as m
G2







, ratios of the o-diagonal elements to the diagonal ones become
smaller than those in eq.(13), which give a more suppression of the lepton-avor violation
as a result.
We are now ready to calculate the reaction rates for various lepton-avor violating





. In this paper, we ignore the mixings in the neutralino and chargino
sectors and consider that the bino and the winos are mass eigenstates. This approximation
is justied if the SUSY-invariant higgsino mass 
H
is large, which is nothing but a situation
we will consider in the present paper.











[6 q; 6 ]l
i
; (14)















































































































  9x+ 1   6x
2











+ 9x+ 1 + 6x(x+ 1) lnxg: (17)




















given in eq.(13), we have calculated the branching ratios of the processes
 !  and  ! e. We have checked that for m
G2
= 45GeV, the branching ratios for




), respectively, at the possible
minimum value of the slepton mass ' 45GeV, which are, however, much smaller than the
present experimental limits (Br( ! )  4:210
 6
and Br(! e)  4:910
 11
[4]).
So far, we have neglected the left-right mixings in the slepton mass matrix. However,
if the SUSY invariant mass 
H








we have non-negligible left-right mixings in the slepton mass matrix. As we will show




 process larger than
the previous estimate in eq.(18). The main reason for this is that the chirality ip in the
fermion line occurs at the internal gaugino mass term (see g. 2) while in the previous
case it occurs at the external lepton mass term. Since the gaugino mass is much bigger
than the lepton mass, these new diagrams may yield dominant contributions.
Before calculating the diagrams in g. 2, we rst diagonalize the charged slepton mass








































































































the Weinberg angle. Notice that as far as the
a-parameter in eq.(11) is O(1), the A
E;ij




which concerns us. m
2
E;ij
at the electroweak scale are determined by solving the RGEs
in the same way of the previous calculation for m
2
L;ij










With the diagonalization matrix U for eq. (19) and the eigenvalues m
2
~e;A
(A = 1 { 6),















[6 q; 6 ]l
i
; (23)











































  1   2x ln x): (25)
We nd that in the case of small m
2
LR












































































which is obtained by using the m
2
LR
mass insertion. Here, U
L
is the diagonalization





























which should be compared with the result in eq.(18).
For a given set of tan  and m
G2


















), which are mass eigenvalues for the sleptons belonging mainly






= 50GeV being xed. For a comparison, we also show the results for the case of
tan = 30. We easily see that the branching ratios for  !  and ! e are predicted
as





Br(! e) ' 5 10
 12






' (100   250)GeV.
7
It should be stressed that the large branching ratios in








). To see how the results depend on m
~
1
and the gaugino mass,
we show our results in g. 4 taking m
~
1
= 100GeV and m
G2
= 90GeV. From gs. 3 and
4, we see that the obtained branching ratios are much larger than the previous estimates
from eq.(18) and they lie in the range which will be studied experimentally in no distant
future.
We should note that our results shown in gs. 3 and 4 are also larger than the SUSY-
GUT predictions [3]. This is because the authors in ref. [3] have not taken into account
the left-right mixing eects. However, if these eects are induced, the similar conclusion
may be obtained even in the SUSY SU(5) GUTs.
We now briey discuss other lepton-avor violating processes such as  ! 3e and
 ! 3. With the parameter space discussed in the present paper, there also appears




in the Penguin diagrams, which will give dominant con-
tributions to these processes. In this case, the decay rates of  ! 3e and  ! 3 have





























where we have taken only the logarithmic contributions. As for the -e conversion in
nuclei, the amplitudes of the box diagrams depend on the squark masses. Thus, in the
large-squark-mass region, the box diagrams yields negligible contributions. The detailed
7
The minimum value (m
~
2
' 100GeV) comes from the constraint that the lightest sneutrino should
be heavier than 41:7GeV [4].
8
analysis on various lepton-avor violating processes including the -e conversion will be
given in the future publication [14].
Several comments are in order.
i) We have considered the parameter space where m
~
1














(1  5)TeV : tan  = 3;





= (100   250)GeV : tan  = 3  30: (33)
With such large 
H
, the radiative electroweak symmetry breaking [15] hardly occurs as
long as the universal soft SUSY-breaking mass in eq. (10) is imposed. A solution to this
diÆculty is to abandon the GUT-like relation among the gaugino masses in eq. (12) so
that the gluino gives rise to much larger masses for squarks than those for sleptons at the
electroweak scale.






) will give a large
contribution to -parameter. We nd, however, that their contribution is not substantial




iii) The large 
H
tan  induces also a large left-right mixing in the sbottom sector. We nd










45GeV). However, this problem
can be easily solved by giving the gluino a mass larger than expected from the GUT-like
relation (12), since in this case the lighter sbottom can be lifted above 45GeV through the
radiative corrections. This is also favorable for suppressing the b! s decay substantially
as will be discussed in ref. [14].
iv) As pointed out in ref. [3], the similar lepton-avor violation may also occur in the
framework of SUSY SU(5) GUTs. It should be noted here that in the present model
the soft SUSY breaking masses m
2
L;ij
for left-handed sleptons receive signicant radiative
corrections from the new Yukawa couplings y
;ij




, are subject to the large renormalization eects. Thus, in
9
the present model, the i = j = 3 element of m
2
L;ij







, by amount of O((10   30)%) [16] as was shown in eq.(13),
whereas in the SUSY SU(5) GUTs the similar mass shift appears in the right-handed
slepton sector. Therefore, if the soft SUSY-breaking parameters are precisely determined
in future experiments, these two scenarios may be distinguished.
Note added
After completing this work we became aware that in the very recent paper [17] the
lepton-avor violation due to the Yukawa couplings y
;ij
are also examined in the context








mass-insertion, and our formula in eq. (26) is consistent with their result of the y
;ij
Yukawa coupling eects. This is, however, only an approximation of our full formula (24)
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. In each diagram, the blob
indicates the avor-violating mass insertion of the left-handed slepton and at the cross















left-handed charged sleptons, left-handed sneutrinos, bino, neutral wino, and charged
wino, respectively.




. The blobs indicate insertions of
the avor-violating mass (m
2
L;ij
) and the left-right mixing mass (m
2
LR;ii
), and at the cross
mark chirality ip of the bino (
~





charged sleptons and right-handed charged sleptons, respectively. Notice, however, that
we do not use the mass-insertion method in our calculation as stressed in the text.




The solid lines correspond to Br( ! ) and the dashed lines to Br( ! e). Here,
we have taken m
G2
= 45GeV and m
~
1
= 50GeV. We also show the present experimental
upper bounds for each processes by the solid lines with hatches.
Figure 4: Same as g. 3 except for m
G2
= 90GeV and m
~
2
= 100GeV.
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